During vertebrate development, many types of precursor cell divide a limited number of times before they stop and terminally differentiate. It is unclear what limits cell proliferation and causes the cells to stop dividing when they do. The stopping mechanisms are important as they influence both the number of differentiated cells generated and the timing of differentiation. We have been studying the 'stopping' problem in the oligodendrocyte cell lineage [1,2], which is responsible for myelination in the vertebrate central nervous system. Previous studies demonstrated that the proliferation of oligodendrocyte precursor cells isolated from the developing rat optic nerve is limited by an intrinsic 'clock' mechanism [3], which consists of two components: a counting mechanism that counts time or cell divisions, and an effector mechanism that arrests the cell cycle and initiates cell differentiation when the appropriate time is reached [4, 5] . In the present study, we address the question of whether the counting mechanism operates by counting cell divisions. We show that precursor cells cultured at 33°C divide more slowly but stop dividing and differentiate sooner, after fewer cell divisions, than when they are cultured at 37°C, indicating that the counting mechanism does not count cell divisions but measures time in some other way. In addition, we show that the levels of the cyclin-dependent kinase inhibitor p27 Kip1 (p27) rise faster at 33°C than at 37°C, consistent with previous evidence [6] that the accumulation of p27 may be part of the counting mechanism. 
Oligodendrocyte precursor cells count time but not cell divisions before differentiation
Previous studies showed that optic nerve oligodendrocyte precursor cells have an intrinsic clock mechanism that times when the cells stop dividing and differentiate into oligodendrocytes [3] . It was subsequently shown that both mitogens, such as platelet-derived growth factor (PDGF), and hydrophobic signals, such as thyroid hormone (TH) or retinoic acid, are required for the normal operation of the clock mechanism [4] . Furthermore, the mechanism consists of two components [4, 5] : a counting mechanism that counts cell divisions or time and operates independently of the hydrophobic signals, and an effector mechanism that depends on the hydrophobic signals [4] and stops cell division, initiating differentiation when the counting mechanism indicates that the appropriate time has been reached. The present experiments were undertaken to determine whether the counting mechanism operates by counting cell divisions or instead by measuring time in some other way.
We have made use of a previous observation that mouse embryo fibroblasts, which stop dividing after a limited number of divisions in culture in response to serum (a process called cell senescence), undergo fewer divisions at 33°C than at 37°C before they senesce [7] . We first studied the cell-cycle times of purified oligodendrocyte precursor cells at various temperatures. The cells were cultured at clonal density in the presence of mitogens (PDGF and neurotrophin-3) but in the absence of TH in order to prevent differentiation [4] . After 4 days, the average clone size was 10 at 37°C, 7 at 35°C, and 4 at 33°C (Fig. 1a) . At all of these temperatures there was little cell death, very few cells differentiated into oligodendrocytes, and the precursor cells had a similar morphology (data not shown). The average cell-cycle times, calculated from the increase in clone size over time, increased progressively with decreasing temperature (Fig. 1b) ; similar cell-cycle times were obtained by direct measurement using time-lapse video recording (not shown). Thus, although the cell cycle was prolonged at 33°C, the cells did not stop dividing and differentiate at this temperature in the absence of TH.
To study the influence of temperature on the clock mechanism that times oligodendrocyte differentiation when precursor cells are cultured in the presence of mitogens and TH, we cultured purified precursor cells at low density on glass coverslips coated with poly-D-lysine, in the presence of the signalling molecules, for 1 day at 37°C (to allow the cells to recover from trypsinization) and then for a further 4 days at either 37°C or 33°C. We then stained the cells with a monoclonal anti-galactocerebroside (anti-GC) antibody [8] to identify the oligodendrocytes. As shown in Figure 2a , the percentage of cells that became GC + oligodendrocytes was much greater at 33°C than at 37°C; when TH was omitted from the cultures, few GC + oligodendrocytes developed at either temperature. Thus, oligodendrocyte precursor cell differentiation in the presence of mitogens and TH is accelerated at the lower temperature.
To confirm the influence of temperature on oligodendrocyte development and to investigate whether the influence is on the counting mechanism, we cultured purified oligodendrocyte precursor cells in a flask at clonal density in the presence of mitogens and TH for 1 day at 37°C and then for a further 4 days at 37°C or 33°C and counted the percentage of clones that contained mainly oligodendrocytes. As expected, the average clone size at 33°C was substantially smaller than at 37°C (Fig. 2b) . Paradoxically, however, the percentage of oligodendrocyte clones at 33°C was significantly higher than that at 37°C (Fig.  2c ). When cells were cultured at 35°C, the results were intermediate between those obtained at 37°C and 33°C (data not shown). Thus, although precursor cells cultured in mitogens and TH divide more slowly at 33°C and 35°C than at 37°C, they differentiate earlier, after fewer divisions, suggesting that the counting mechanism that times oligodendrocyte differentiation in these conditions runs faster at the lower temperatures. This finding indicates that the counting mechanism does not operate by counting cell divisions but must measure time in some other way.
We recently showed that the levels of the cyclin-dependent kinase inhibitor p27 increase as oligodendrocyte precursor cells proliferate, suggesting that p27 accumulation may be a part of the counting mechanism that times oligodendrocyte differentiation [6] . If this is the case, and the counting mechanism runs faster at 33°C than at 37°C, then p27 levels should increase faster at the lower temperature. To test this prediction, we cultured purified precursor cells in the presence of mitogens and the absence of TH (to prevent differentiation) at 37°C for 1 day and then at 37°C or 33°C under the same conditions for an additional 4 days, before we stained them by indirect immunofluorescence with affinity-purified antip27 antibodies and quantified the nuclear p27 staining in a confocal microscope as described previously [6] . As shown in Figure 3 , the intensity of p27 staining was twice as high in oligodendrocyte precursor cells incubated at 33°C than at 37°C, although there was no apparent difference in cell size between the precursor cells growing at the two temperatures. The simplest explanation for the effect of temperature on p27 levels is that, at 33°C, p27 degradation is decreased more than p27 synthesis is decreased, so that the balance between synthesis and degradation is shifted toward synthesis. Whatever the explanation, the finding is consistent with the hypothesis that p27 accumulation may be part of the counting mechanism.
The recent reports that p27-deficient mice are abnormally large and have increased numbers of cells in many organs, apparently as a result of increased cell proliferation, suggest that p27 accumulation may play a part in limiting cell proliferation in many cell lineages [9] [10] [11] . The findings that, although cell division is slower, the counting mechanisms run faster at 33°C than at 37°C in both developing oligodendrocyte precursor cells (this study) and senescing mouse embryo fibroblasts [7] suggest that in neither case does the mechanism depend on counting cell divisions but instead must measure time in some other way. These findings make it very unlikely that the counting mechanisms depend on the serial dilution with each division of a stable molecule required for cell-cycle progression, as originally proposed for oligodendrocyte precursor cells [3] , or on the gradual shortening of telomeres with each division, as has been proposed for cell senescence [12] . It seems likely that many other timing mechanisms that operate in dividing vertebrate cells also work independently of cell division (see, for example, [13] ). In principle, a cell-intrinsic timing mechanism that stops cell division after a certain period of time and operates independently of the cell-division cycle could depend on the decay of positive intracellular regulators that are required to keep the cell dividing, on the accumulation of Figure 3 The accumulation of p27 in purified precursor cells growing at 33°C or 37°C. (a) Quantification of p27 staining in purified precursor cells cultured at low density on poly-D-lysine-coated coverslips in mitogens without TH at 37°C for 1 day and then at 37°C or 33°C under the same conditions for another 4 days. Cells were fixed and stained for p27, and nuclear p27 staining of bipolar precursor cells was measured in arbitrary units (pixels) on a confocal fluorescence microscope, as described previously [6] . negative intracellular regulators that inhibit cell-cycle progression, or on both [14] . Although there is evidence that the accumulation of cyclin-dependent kinase inhibitors is part of the mechanism in both developing oligodendrocyte precursors [6] and senescing fibroblasts [15, 16] , the decay of positive regulators may also be involved, as seems to be the case in developing nematodes [17] . The challenge will be to determine how the changes in the levels of these positive and negative regulators over time are controlled.
Materials and methods

Preparation of optic nerve cells
Optic nerves were removed from postnatal day 7 (P7) Sprague/Dawley rats (obtained from the Animal Facility at University College London), dissociated in trypsin as described previously [6] , and filtered through Nitex mesh (20 m pore size, Tetko).
Clonal cultures of purified oligodendrocyte precursor cells
Oligodendrocyte precursor cells were purified to greater than 99 % homogeneity by sequential immunopanning as described previously [4] . The cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing bovine insulin [10 g ml -1 ), human PDGF-AA (10 ng ml -1 ), human neurotrophin-3 (NT-3; 5 ng ml -1 ), human transferrin (100 g ml -1 ), BSA (100 g ml -1 ), progesterone (60 ng ml -1 ), putrescine (16 g ml -1 ), sodium selenite (40 ng ml -1 ), N-acetyl-cysteine (60 g ml -1 ), forskolin (5 M), trace minerals (GIBCO), and penicillin and streptomycin (GIBCO). In some experiments, triiodothyronine (TH, 30 ng ml -1 ) was added. Chemicals were purchased from Sigma, except PDGF and NT-3, which were from Peprotech. If cultures were maintained for longer than 4 days, half of the medium was replaced after 4 days. Oligodendrocytes and their precursors were identified by their characteristic morphologies [3] . Clones were scored as oligodendrocyte or precursor clones according to the predominant cell type in the clone; in most cases all the cells in a clone were of the same type.
Immunofluorescence assays
Immunofluorescence staining was carried out with cells on poly-Dlysine-coated coverslips as described previously [4] . For galactocerebroside (GC) staining, the cells were fixed with 2 % paraformaldehyde, incubated in blocking solution (50 % goat serum in a Tris buffer (pH 7.4) containing 1 % BSA and 150 mM L-lysine) and then anti-GC antibody (supernatant, diluted 1:1) followed by Texas-Red-conjugated goat anti-mouse IgG (Jackson ImmnoResearch, diluted 1:100); p27 staining was performed and quantified on a Bio-Rad MRC 1000 confocal laser-scanning fluorescence microscope as described previously [6] . Affinity-purified rabbit antibodies made against, and purified with, a carboxyl-terminal p27 peptide (sc-528, Santa Cruz (Autogenbioclear), 2.5 g ml -1 ) were used for the staining.
